Background: Thyroid hormones (THs) are critical for brain development. Whether low-moderate fluoride exposure affects thyroid function and what the impact is on children's intelligence remain elusive. Objectives: We conducted a cross-sectional study to examine the associations between low-moderate fluoride exposure and thyroid function in relation to children's intelligence. Methods: We recruited 571 resident children, aged 7-13 years, randomly from endemic and non-endemic fluorosis areas in Tianjin, China. We measured fluoride concentrations in drinking water and urine using the national standardized ion selective electrode method. Thyroid function was evaluated through the measurements of basal THs [(total triiodothyronine (TT 3 ), total thyronine (TT 4 ), free triiodothyronine (FT 3 ), free thyronine (FT 4 )] and thyroid-stimulating hormone (TSH) levels in serum. Multivariable linear and logistical regression models were used to assess associations among fluoride exposure, thyroid function and IQ scores. Results: In adjusted models, every 1 mg/L increment of water fluoride was associated with 0.13 uIU/mL increase in TSH. Every 1 mg/L increment of urinary fluoride was associated with 0.09 ug/dL decrease in TT 4 , 0.009 ng/dL decrease in FT 4 and 0.11 uIU/mL increase in TSH. Fluoride exposure was inversely related to IQ scores (B = −1.587; 95% CI: −2.607, −0.568 for water fluoride and B = −1.214; 95% CI: −1.987, −0.442 for urinary fluoride). Higher TT 3 , FT 3 were related to the increased odds of children having high normal intelligence (OR = 3.407, 95% CI: 1.044, 11.120 for TT 3 ; OR = 3.277, 95% CI: 1.621, 6.623 for FT 3 ). We detected a significant modification effect by TSH on the association between urinary fluoride and IQ scores, without mediation by THs. Conclusions: Our study suggests low-moderate fluoride exposure is associated with alterations in childhood thyroid function that may modify the association between fluoride and intelligence.
Introduction
Fluorine is a naturally occurring element that is the most highly electronegative and exists in combination with other elements as fluoride compounds. Fluoride normally enters the environment and is varyingly distributed in water, soil, foods and several minerals such as cryolite, fluorite and fluorapatite, etc. (Ghosh et al., 2013) . Due to its low bioavailability by combination with other cations, the F − naturally presents in soil is less toxic than other anions like halogens (Cronin et al., 2000) . Accumulating evidence suggests that excessive fluoride in the environment is toxic to plants, animals and humans (Ghosh et al., 2013) . Long-term exposure to fluoride causes plant necrosis and interveinal chlorosis, decreases the efficiency of plant photosynthesis (Cai et al., 2016) , and reduces flower production (Chae et al., 2018) . Moreover, dental, skeletal and non-skeletal fluorosis have been observed in different species of domestic animals (Choubisa, 2012) , aquatic animals (Ghosh et al., 2013) and insects (Zuo et al., 2018) due to natural chronic ingestion of excess fluoride.
Fluoride is of concern primarily due to its adverse effects on human health when consumed in excess. In particular, the soft tissue lesions relevant to excess fluoride exposure have attracted more and more attention (Ghosh et al., 2013) . Emerging evidence shows that fluoride as an endocrine disruptor has the potential to disrupt the thyroid function (Day and Powell-Jackson, 1972; National Research Council, 2006; Singh et al., 2014) . Animal studies showed that exposure of rats to fluoride leads to reductions in triiodothyronine (T3) and thyroxine (T4) levels and increase in thyroid-stimulating hormone (TSH) levels (Abdelaleem et al., 2018; Bobek et al., 1976; Jiang et al., 2016) . More importantly, a population-based study demonstrated prolonged consumption of drinking water with a raised fluorine content by healthy persons was associated with elevated TSH production and decrease in the T3 concentration (Bachinskiä et al., 1985) . However, another crosssectional study did not find significant association between fluoride content (from urine and tap water) and self-reported diagnosis of a thyroid condition or abnormal (low or high) TSH levels among a large, representative sample of the Canadian population (Barberio et al., 2017) . To date, the results in humans are inconsistent, and studies on the association of fluoride with thyroid function among children are scarce.
Thyroid hormones (THs) regulate the metabolic rate in the body and play an extremely important role in human health (Yen, 2001) . It is well known that THs are involved in several important steps of brain development including cell migration and differentiation (Auso et al., 2004) . Many population-based studies suggested that the brain development of the fetus would be disturbed when a lack of transfer of maternal THs to the fetal brain from the early stage of pregnancy (Ghassabian et al., 2014; Hollowell et al., 1999; Korevaar et al., 2018) . There is also evidence showing that THs levels are positively related to suboptimal cognitive and psychomotor outcomes (Calaciura et al., 1995; Freire et al., 2010; Lain et al., 2016) . Together, these data indicate that thyroid dysfunction could probably lead to vulnerability of children to behavioral and cognitive problems. A large body of animal and human studies have demonstrated that high levels of fluoride have adverse impact on neurodevelopment, manifesting as cognitive defect as well as behavioral abnormalities (Bashash et al., 2017; Bashash et al., 2018; Choi et al., 2012; Liu et al., 2014) . However, little is known about the role of THs in the association between fluoride exposure and children's intelligence.
Drinking water is the main source of chronic fluoride exposure in humans (Meenakshi and Maheshwari, 2006) . To protect human health, the World Health Organization (WHO) places international standard limit of fluoride in drinking water at 1.5 mg/L, which is also the upper limit for many other countries including Australia, Canada, India and the European Union (Craig et al., 2015) . In the United States, the maximum contaminant level of fluoride is set at 4.0 mg/L (Isa, 2011) , while China has a more stringently permissible limit of 1.0 mg/L (Jin et al., 2006) . Over the past decades, great efforts have been made to improve water quality by implementation of defluoridation projects in China. However, the fluoride levels in some areas remain beyond the Chinese drinking water standard (Huang et al., 2017) , resulting in lowmoderate fluoride exposure in daily life.
The purpose of this study was to examine whether exposure to lowmoderate fluoride in drinking water is associated with thyroid function disruption among school-age children in China and to determine whether THs could modify the relationship between fluoride exposure and children's intelligence.
Materials and methods

Study design and population
The baseline population data were obtained from a village based cross-sectional study, which was conducted in 2015 in the rural areas of Tianjin City, China. The whole district was divided into historical high fluoride areas and normal fluoride areas according to the upper limit of 1 mg/L prescribed in Chinese Standards for Drinking Water Quality (GB 5749-2006) . The fluoride concentrations in these areas have maintained at stable levels over the past decade. None of the study sites was exposed to potential neurotoxins that are recognized as contaminates affecting intelligence quotient (IQ) value, like arsenic, lead or mercury in drinking water, nor delimitated into endemic areas of iodine deficiency disorders which were determined by thyroid status examination and the median urinary iodine concentration in the population (World Health Organization, 2007) . The study participants were selected using a stratified and multistage random sampling approach. Briefly, we selected seven towns in the city using the simple random sampling (SRS) method at first, among which, there are three historical high fluoride areas and four non-endemic fluorosis areas. Next, we selected twentyfour villages within each sample site using SRS. Finally, the cluster sampling method was applied to recruit children from each chosen village. The selected villages are similar in population and general demographic characteristics. All participants and their parents/guardians provided informed consent and our research protocol was approved by the Review Board of Huazhong University of Science and Technology and Ethical Committee of Tianjin Center for Disease Control and Prevention.
General data collection
Children participated in the assessments described below and received medical examinations by a team of trained personnel with medical backgrounds (Assessment of IQ scores, interview and collection of water samples were conducted by graduate students from School of Public Health, Tongji Medical College of Huazhong University of Science and Technology. Collection of blood samples and general physical examination were performed by staffs of Tianjin Baodi District Center for Disease Control and Prevention and local maternal and child health hospital). Each team member was assigned to a single task that included administering the IQ test, measuring height and weight. In addition, all children agreed to provide spot urine samples for the measurement of urinary fluoride. Information on demographic data (e.g., age, gender, parental education level, physical residence, parental occupation, household income) was obtained from a face-to-face interview with their parents during enrollment of their children in the study. The development status of the recruited children was further assessed by the calculation of their body mass index (BMI), which was derived from their height and weight. Children who were not long-term residents of the area were eliminated. Further, children who had congenital or acquired diseases affecting intelligence, or a history of cerebral trauma and neurological disorders, or those with a positive screening test history (like hepatitis B virus infection, Treponema palladium infection and Down's syndrome) and adverse exposures (smoking and drinking) during maternal pregnancy were excluded from the analyses. We investigated smoking status (No smoking/ Environmental tobacco smoking/Active smoking) and alcohol consumption (Never and < 1 Drink/Month vs. > 1 Drink/Month) during maternal pregnancy. We finally defined environmental tobacco smoking and active smoking as exposure to smoking and < 1 Drink/ Month and > 1 Drink/Month as exposure to drinking. Children who had a prior diagnosis of thyroid disease were also excluded. In the final models, children who had missing values of significant factors were also excluded. The recruitment process of the study participants is displayed in Fig. 1 . village maintained at stable levels over the past decade. During the investigation, water samples were collected randomly from the public water supplies in each village and urine samples for every child were collected in the early morning before breakfast. A total of 5 mL of fasting peripheral blood samples were collected from each subject for subsequent test of THs levels. The collected samples were transported on ice to the laboratory within 2 h, then kept in −80°C until used for analysis.
Determination of fluoride concentrations
Fluoride contents in drinking water and urine were measured using an ion analyzer EA940 with a fluoride ion selective electrode (Shanghai constant magnetic electronic technology Co, Ltd, China) according to the national standardized method in China (Wu et al., 2015) . All reference solutions for the fluoride determinations were double-deionized water. Parallel samples were set for determination and averages were taken.
Measurements of THs
Blood serum was separated from whole blood samples and stored at −80°C until analysis. Chemiluminescent microparticle immunoassay on the ARCHITECT i4000SR (Abbott Diagnostics, Abbott Park, IL, USA) was employed to quantify the THs levels in serum. All assays were performed using reagents provided by Abbott Diagnostics according to standard operating procedures. Thyroid function was assessed by five hormones of total triiodothyronine (TT 3 ), total thyronine (TT 4 ), free triiodothyronine (FT 3 ), free thyronine (FT 4 ) and TSH in the present study.
Assessment of IQ scores
A Combined Raven's Test for Rural China (CRT-RC2) was taken to evaluate the IQ of each child (Liu et al., 2009) . The test broadly assesses a range of intelligence functions without depending on language skills and is therefore appropriate for the children of ethnic minorities and who have problems with verbal communication . It comprises 72 questions in six sets of twelve: A, AB, B, C, D and E. All tests were administered at school by trained examiners who were blinded to participants' drinking water fluoride levels and were completed within 40 min according to the instruction manual. 
Statistical analysis
Descriptive statistics for demographic characteristics and health status were performed using mean ± standard deviance (SD) or frequency [proportion (%)] for continuous and categorical variables, respectively. Spearman's rank correlation analysis was applied to assess the relationship between water fluoride concentrations and urinary fluoride levels. Multivariable linear regressions were used to estimate the changes in THs and IQ scores for every 1 mg/L increment in water fluoride and urinary fluoride concentrations. Additionally, we utilized logistic regression model to examine the associations between fluoride, THs and different levels of intelligence, in which the IQ scores were categorized into five degrees as follows: marginal (70-89), normal (90-109), high normal (110-119), superior (120-129) and excellent (≥130), and the normal group was assigned as the control. Moreover, multivariate linear regression models were constructed to assess the associations between quartiles of water fluoride or urinary fluoride and THs and IQ scores, as well as associations between quartiles of THs and IQ scores. Trends tests were assessed by using the median value in each quartile as a continuous variable in the linear regression models (Greenland, 1995) . Interaction analysis was conducted by including the respective multiplicative interaction term in the linear regression models (significant interactions at P < 0.10) (Liang et al., 2019; Tang-Peronard et al., 2014) . Mediation analysis was performed to determine if THs are potential mediators of the association between fluoride exposure and IQ scores or odds of lower intelligence. We selected potential confounders based on current literature of covariates that could influence both THs levels and IQ scores in children (Barberio et al., 2017; Malin et al., 2018; Yu et al., 2018) . And we finally kept age, gender, BMI, paternal education level, maternal education level, household income and low birth weight as the covariates. The effect estimates were presented as B or odds ratios (ORs) with their 95% confidence intervals (95% CIs). Regression diagnostics were conducted for all models, including examination of multicolinearity, heteroscedasticity and influential observations. We have applied the Benjamini-Hochberg false discovery rate (FDR) procedure to address multiple testing corrections (Benjamini and Hochberg, 1995) . The significance was determined by a false discovery rate of Q = 0.05 and m = 5 tests. Sensitivity analyses were conducted by modifying covariates adjusted in multivariable models among demographics (age and sex), development (BMI), socioeconomics (maternal education, paternal education, and household income), and delivery conditions (low birth weight). Epidata (version 3.0, Epidata Association, Odense, Denmark) was used for database construction. The data analyses were conducted with SPSS version 25.0, STATA version 15.0 (STATA Corp, College Station, Texas, USA) and SAS software package (version 9.4, SAS Institute Inc., Cary, NC, USA). Hypothesis testing for all analyses was based on two-tailed rejection regions, and P-value < 0.05 was applied to declare statistical significance. Table 1 presents the demographic characteristics of the 571 subjects. Among them, the number of boys and girls is nearly equal, the proportion is 51.1% and 48.9%, respectively. Their mean ( ± SD) age and BMI was 9.8 ( ± 1.05) years and 17.74 ( ± 3.69) kg/m 2 , respectively. The distribution of IQ scores ranged from 75 to 145, with 79.7% of the participants having scores between 90 and 120, 7.5% with scores < 90, 9.3% with superior intelligence (120-129), and 3.5% with excellent intelligence (≥130). The mean IQ scores ( ± SD) were 106.74 ( ± 11.82). Only a small percentage (4.6%) of the children were low weight at birth. Most parents reported their educational background as middle school and below and had a yearly household income ≥ 10,000 yuan (92.1%).
Results
Characteristics of the participants
Descriptive statistics for concentrations of water fluoride, urinary fluoride, THs (TT 3 , TT 4 , FT 3 , FT 4 ) and TSH in serum are presented in Table 2 . In the present study, about half of children are in the district where water fluoride concentrations were within the Standards for Drinking Water Quality in China of 1 mg/L (GB 5749-2006) (Jin et al., 2006) , while the other half had significantly higher fluoride concentrations than the screening guideline of 1 mg/L. The water fluoride concentration ranged from 0.20 mg/L to 3.9 mg/L, with a mean value of 1.39 ± 1.01 mg/L. The mean ( ± SD) urinary fluoride was 1.28 ± 1.3 mg/L, with the range from 0.01 mg/L to 5.54 mg/L. The median THs levels in the serum were 1.33 ng/mL for TT 3 , 6.8 μg/dL for TT 4 , 3.28 pg/mL for FT 3 , 1.12 ng/dL for FT 4 , and 2.28 uIU/mL for TSH.
Associations between fluoride exposure and THs
Every 1 mg/L increment of water fluoride was associated with 0.13 uIU/mL increase in TSH (significant only before correction for multiple testing). Every 1 mg/L increment of urinary fluoride was associated with 0.09 ug/dL decrease in TT 4 , 0.01 ng/dL decrease in FT 4 and 0.11 uIU/mL increase in TSH (remained significant after corrections for the multiple testing) ( Table 3 ). In the categorical analysis, water fluoride concentrations were negatively associated with TT 4 and FT 4 (P for trend = 0.036 and < 0.01, respectively) and positively associated with TSH (P for trend = 0.019). Children in the highest quartile of water fluoride concentrations had lower values in TT 4 , FT 4 and higher values in TSH relative to children in the lowest quartile. Urinary fluoride concentrations were negatively associated with TT 4 and FT 4 (P for trend = 0.021 and 0.027, respectively) and positively associated with TSH (P for trend < 0.01).
In addition, the relationship between THs and fluoride was analyzed in boys and girls, respectively (Table S1 ). We observed negative associations between water fluoride and FT 4 , urinary fluoride and TT 4 in boys (P = 0.023 and 0.029 respectively), as well as positive associations between fluoride and TT 3 , FT 3 in girls (P = 0.043 for the association between water fluoride and TT 3 , P = 0.018 for the association Environment International 134 (2020) 105229 between water fluoride and FT 3 , P = 0.012 for the association between urinary fluoride and TT 3 , P = 0.004 for the association between urinary fluoride and FT 3 ). Interaction analysis detected modification effects by gender on the associations between water fluoride and TT 3 , FT 3 and FT 4 (P for interaction = 0.02, 0.02, 0.061, respectively), and between urinary fluoride and TT 3 , FT 3 (P for interaction = 0.02).
Associations between fluoride exposure and IQ scores
Adjusted estimates (95% CI) for the associations between fluoride exposure and IQ scores were a decrease of 1.587) points (95% CI:−2.607, −0.568, P = 0.002) and 1.214 points (95% CI:−1.987, −0.442), P = 0.002) in every 1 mg/L increase of water and urinary fluoride concentration, respectively (Table 4 ). In the categorical analysis, compared with the participants in the lowest quartile, those in the third and highest quartiles for water fluoride concentrations displayed respective decreases of 3.065 and 3.471 in IQ score values ([B = −3.065, 95% CI: −5.636, −0.493 for the third quartile]; [B = −3.471, 95% CI: −6.108, −0.835 for the fourth quartile]; P for trend < 0.01). As for urinary fluoride, those in the highest quartile displayed statistically negative association with IQ scores (B = −4.101, 95% CI: −6.914, −1.288, P for trend < 0.01). The similar relationship between IQ scores and fluoride exposure were observed in boys and girls, respectively. However, the modification effects by gender were not significant (Table 4 ).
Associations between THs and IQ scores
In our study, children in the second and highest quartiles of FT 3 concentrations had higher IQ scores (B = 4.451, 95% CI: 1.657, 7.245, P = 0.002 for the second quartile; B = 3.187, 95% CI: 0.309, 6.064, P = 0.030 for the fourth quartile) than those in the lowest quartile. Moreover, we detected the similar associations in boys (P = 0.001 for the second quartile, P = 0.022 for the fourth quartile). However, the modification effects by gender were not significant (Table 5 ). When the IQ scores were categorized into five degrees, we found that higher TT 3 , FT 3 were related to increased odds of children having high normal intelligence (OR = 3.407, 95% CI: 1.044, 11.120, P = 0.042 for TT 3 ; OR = 3.277, 95% CI: 1.621, 6.623, P = 0.001 for FT 3 ) (Table S3 ).
The role of THs in the association between fluoride concentrations and IQ scores
We found a significant modification effect by TSH on the association between urinary fluoride levels and IQ scores (P = 0.079) (Table 6) . Then, in the hierarchical analysis, higher urinary fluoride levels were associated with lower IQ scores for children in the first two quartiles of TSH compared to those in the third and fourth quartiles (B = −1.669; 95% CI: −3.279, −0.058, P = 0.042 for the first quartile and B = −2.703; 95% CI: −4.476, −0.929, P = 0.003 for the second quartile). On the association between water fluoride exposure and IQ scores, children in the first two lower quartiles of TSH similarly have lower IQ scores (B = −2.286; 95% CI: −4.444, −0.129, P = 0.038 for the first quartile and B = −2.861; 95% CI: −5.069, −0.652, P = 0.012 for the second quartile), but the effect modification was not statistically significant. As for TT 4 and FT 4 , negative associations between fluoride and IQ scores were significant when the values were in the highest quartile, whereas the interaction effects were still not statistically significant. We further examined the mediating role of THs in the association between fluoride and IQ scores, but the results were not statistically significant (Data not shown).
Sensitivity analyses
Sensitivity analyses for the associations among fluoride, THs and IQ scores by adjusting for the covariates among demographics, development, socioeconomics, and delivery conditions showed similar results with the primary analyses (Tables S4-S6 ).
Discussion
In the present study, we found that fluoride exposure was inversely related to IQ scores and levels of TT 4 and FT 4 , while positively associated with levels of TSH. Higher TT 3 , FT 3 were related to increased odds of children having high normal intelligence, and TSH may show a modification effect on the association between urinary fluoride and IQ scores.
The median concentration of water fluoride in this study is equivalent to the Standards for Drinking Water Quality in China (1 mg/ L) (Jin et al., 2006 ) and within the WHO recommended limit (1.5 mg/L) (World Health Organization, 2017), suggesting the residents were exposed to fluoride in drinking water at low-moderate levels. The annual surveillance data from the local CDC revealed that fluoride concentrations maintained at stable levels in the villages in which our study participants resided. Consequently, the water fluoride levels could represent long-term external fluoride exposure concentrations. Notably, kidney as a site of active metabolism excretes approximately 60% of absorbed fluoride among healthy adults, and 45% among healthy children (Buzalaf et al., 2011) . Our results further showed that urinary fluoride levels presented a strongly positive correlation with water fluoride concentration (r s = 0.73, P < 0.001), indicating that fluoride from drinking water makes important contribution to urinary fluoride. Therefore, urinary fluoride concentration as an internal exposure index can systematically reflect the burden of fluoride in drinking water. To evaluate the influences of fluoride on children comprehensively, we selected water fluoride concentrations as an external exposure parameter and urinary fluoride levels as an internal measure of exposure.
Epidemiological studies showed that fluoride concentration in the thyroid exceeds that found in all other soft tissues except for the kidney and that there is an association between endemic goiter and either fluoride exposure or enamel fluorosis in human populations (National Research Council, 2006 ), suggesting a close relationship between fluoride exposure and thyroid function. It has been shown that higher water fluoride levels were associated with increased likelihood of a hypothyroidism diagnosis among adults, manifesting as the higher TSH values with a higher fluoride concentration in the drinking water (Kheradpisheh et al., 2018; Peckham et al., 2015) . Water fluoride contents were positively related to serum TSH levels in school going children in randomly selected villages of Nalgonda district, Telangana, India (Khandare et al., 2018) . These results are partly consistent with our findings. Moreover, we found negative relationships between urinary fluoride levels and TT 4 , FT 4 as well. However, another Indian study conducted in Doda district of Jammu and Kashmir showed that serum TSH levels in school children from high fluoride area were significantly lower than those in control area (Khandare et al., 2017) . The discrepancies among these findings may be attributable to the different study areas, different exposure levels, different population and multiple sources of fluoride exposure exist. A cross-sectional study conducted in Canada showed that the combination of higher fluoride and low iodine was associated with higher TSH levels (Malin et al., 2018) . Furthermore, another study in China discovered that a low iodine coupled with high fluoride intake was associated with the somatic developmental disturbance of iodine deficiency (Lin et al., 1991) . However, the results from our study showed that fluoride exposure was independently associated with alterations in THs concentrations and IQ scores. Consistently, there is evidence suggesting that the impact of fluoride on the thyroid gland can occur independently of iodine (Peckham et al., 2015) .
In the current work, our results demonstrated clearly that, across the full range of water and urinary fluoride concentrations and using a measure to focus on children's IQ scores, higher fluoride levels were associated with lower IQ scores. These results are consistent with a systematic review and meta-analysis of 27 cross-sectional studies of children (mainly from China) exposed to fluoride (Choi et al., 2012) , especially with the findings reported by Ding et al., who showed that water fluoride exposure at comparable low levels (range, 0.24-2.84 mg/L; mean value, 1.31 ± 1.05 mg/L) had significant negative associations with children's intelligence (Ding et al., 2011) . Moreover, we found that TT 3 , FT 3 were related to increased odds of children having high normal intelligence, consistent with a previous study that has reported associations between decreased maternal or neonatal T3 levels and poorer neurodevelopment in children (Simic et al., 2009 ). Two case-control studies demonstrated that low maternal serum FT 4 concentrations were associated with impaired neurodevelopment in children (Hollowell et al., 1999; Pop et al., 1999) . Conversely, there is also evidence that neonatal T4 levels were not associated with the risk of a heterogeneous group of developmental diagnoses in 5-12 years old children, including attention deficit disorder, cognitive disorder and learning disability (Soldin et al., 2003) , which was consistent with our findings.
We further examined the roles of THs in the relationship between fluoride exposure and IQ scores and found that higher urinary fluoride levels were associated with lower IQ scores for children in the first two quartiles of TSH compared to those in the third and fourth quartiles and there was a significant modification effect by TSH on the association between urinary fluoride levels and IQ scores. As for TT 4 and FT 4 , associations between fluoride concentrations and IQ scores also existed for the highest quartile group, though the effect modification was not significant. Taken together, these findings suggest that across the full range of water and urinary fluoride concentrations children who have lower TSH levels or higher TT 4 and FT 4 levels may be at an increased risk for lower intelligence. To our knowledge, this is the first population-based study to examine the modification effects of THs on the relationship between fluoride and IQ scores in Chinese school-age children. More large-scale studies are warranted to understand the mechanisms by which fluoride and THs interact within the body to affect children's intelligence.
Our study has several strengths. Although there have been plenty of literatures demonstrating the association between fluoride exposure Table 3 Associations between fluoride exposure and THs.
Fluoride contents (mg/L) and intellectual development, this is the first study to detect the role of THs in this relationship. Compared with most previous studies that focus on the impact of high concentrations of fluoride, our research provided more information on the health effects of low-moderate fluoride exposure, which could further complete the epidemiological evidence on the biological disadvantages of fluoride across different levels. Additionally, not only did we detect associations between fluoride exposure and THs, we also uncovered the modification effects of gender on the relationship.
Our study also has some limitations. We measured fluoride levels in early morning spot urine samples instead of 24-h urine collections. However, others have noted a close relationship between the fluoride concentrations of early morning samples and 24-h specimens (Zohouri et al., 2006) . Moreover, given variation in urine dilution, crude urinary fluoride measures may influence the accuracy for exposure assessment, therefore the data remain to be compared with those after adjustment for urine creatinine or specific gravity. In addition, our study was crosssectional in nature, resulting a weak contributor towards causal inference. Statistical power is also limited by the small size of the study population. However, in this perspective, the associations between fluoride exposure and IQ outcome and changes in THs levels are noteworthy.
Conclusions
In summary, our study suggests that low-moderate fluoride exposure is associated with alterations in childhood thyroid function that may modify the association between fluoride and intelligence. Thus, these findings may have policy implications for a country like China to put more effort on the water improving and defluoridation projects to alleviate toxicity of long-term effects of fluoride exposure on local residents and their offspring.
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